Supersymmetric loop contributions can lead to different decay rates of H + → tb and H − → bt. We calculate the decay rate asymmetry
Introduction
Already for some time, it has been customary to look for CP-violating effects beyond the Standard Model (SM). All extensions of the SM contain possible new sources of CP violation through additional CP-violating phases. In particular, in the Minimal Supersymmetric Standard Model (MSSM), the Higgs mixing parameter µ in the superpotential, two of the soft SUSY-breaking Majorana gaugino masses M i (i = 1, 2, 3), and the trilinear couplings A f (corresponding to a fermion f ) can have physical phases, which cannot be rotated away without introducing phases in other couplings [1] . From the point of view of baryogenesis, one might hope that these phases are large [2] . On the other hand, the experimental limits on electron and neutron electric dipole moments (EDMs) [3] , |d e | ≤ 2.15 × 10 −13 e/GeV, |d n | ≤ 5.5 × 10 −12 e/GeV, place severe constraints on the phase of µ, φ µ < O(10 −2 ) [4] , for a typical SUSY mass scale of the order of a few hundred GeV. A larger φ µ imposes fine-tuned relationships between this phase and other SUSY parameters [5] . CP-violating effects that might arise from A u,d (where u, d are light quarks) are very much suppressed as they are proportional to m u,d . On the other hand, the trilinear couplings of the third generation A t,b,τ can lead to significant CP-violation effects, especially in top quark physics [6] . Phases of µ and A t,b,τ also affect the Higgs sector in a relevant way. Although the Higgs potential of the MSSM is invariant under CP at tree level, at loop level CP is sizeably violated by complex couplings [7, 8] . As a consequence, the three neutral Higgs mass eigenstates are superpositions of the CP eigenstates h 0 , H 0 , and A 0 .
In this paper, we study CP violation in the decays H + → tb and H − → bt in the MSSM with complex parameters. In particular, we calculate the CP-violating asymmetry
due to one-loop exchanges oft,b,g,χ ± ,χ 0 , and H 0 , see Fig. 1 , taking into account CP violation in the neutral Higgs system according to [8] . Of course, the diagrams of Fig. 1 only contribute to δ CP if they have an absorptive part. Since φ µ is highly constrained, the most important phases in our analysis are φ t and φ b , the phases of A t and A b . Therefore, we expect the graph witht,b, andg in the loop to be the most important one, and δ CP to be large in the case m H + > mt 1 + mb 1 . In principle, there would also be a contribution due toν andτ exchange analogous to Fig. 1e . However, this can be neglected in our study.
The paper is organized as follows: In Section 2 we give the basic formulae for the H ± → tb decays and define the decay rate asymmetry δ CP at the 1-loop level in terms of CP-violationg form factors δY In Section 4, we perform a detailed numerical analysis. In Section 5, we summarize our results and comment on the feasibility of measuring the CP-violating asymmetry δ CP . Appendices A, B, and C contain the necessary mass and mixing matrices, the couplings, and the definition of the two-and three-point functions used in this paper.
2 The H ± decay The matrix elements of the H + → tb and H − → bt decays can be written as
with P R,L = 1 2
(1 ± γ 5 ) and the loop-corrected couplings
y t and y b are the tree-level couplings,
with h t and h b the top and bottom Yukawa couplings. The decay widths at tree level are given
where
Since there is no CP violation at tree level,
At next-to-leading order (NLO) we have
The form factors δY ± i (i = t, b) have, in general, both CP-invariant and CP-violating contributions:
Both the CP-invariant and the CP-violating contributions have real and imaginary (absorptive)
parts. CP invariance implies that the form factors of H + and H − are equal. Using Eqs. (7) and (8), we can write the CP-violating asymmetry δ CP of Eq. (1) as 3 CP-violating contributions
Generic diagrams
According to Eqs. (2) and (4) we write the matrix elements of the 1-loop diagrams of Fig. 1 as
and analogously for the H − decay. In fact, we are only interested in the CP-violating parts
Re δY 
), X = 0, 1, 2, the three-point functions [9] in the notation of [10] ; Re δY 
Stop-sbottom-neutralino loop
The stop-sbottom-neutralino loop of Fig. 1b gives
Re δY
Stop-sbottom-gluino loop
The contribution from the diagram with a stop, a sbottom, and a gluino in Fig. 1b is
W boson-neutral Higgs-bottom (top) loop
There are two contributions, one with a bottom and one with a top quark in the loop (with H 0 l and W interchanged), see Fig. 1c . We use the ξ = 1 gauge. The W H l b loop gives:
Analogously, the H l W t loop gives
with
Ghost-neutral Higgs-bottom (top) loop
Since the above graphs with a W boson are calculated in the ξ = 1 gauge, we also have to include the corresponding graphs with W ± → G ± . These lead to
and Re δY
Here,X
3.3 Self-energy graphs
Neutralino-chargino loop
The self-energy graph with a neutralino and a chargino of Fig. 1d gives
The overall plus sign is for δY CP b , and the overall minus sign for δY CP t .
Stop-sbottom loop
The graph of Fig. 1e leads to
The self-energy graph with W + and H 0 l is shown in Fig. 1f . Since we use ξ = 1 gauge for the W in the loop, we have to add the corresponding graph with a ghost, i.e. W ± → G ± in the loop. (The second W propagator can be calculated in the unitary gauge. Hence, no ghost is necessary in this case.) The two contributions together give:
Numerical results
Let us now turn to the numerical analysis. In order not to vary too many parameters, we fix part of the parameter space at the electroweak scale by the choice 
Moreover, we assume GUT relations for the gaugino mass parameters M 1 , M 2 , M 3 . In this case, the phases of the gaugino sector can be rotated away. Since φ µ , the phase of µ, is highly constrained by the EDMs of electron and neutron, we take φ µ = 0. The phases relevant to our study are thus φ t and φ b , the phases of A t and A b .
The choice in Eq. (27) together with MQ = 490 GeV and tan β = 10 gives a mass spectrum quite similar to the Snowmass point SPS1a [11] . Table 1 . In the original version of the paper [13] there were two mistakes in the analytic expressions [14] , which also affected the numerical analysis: for tan β = 10 (40) the results for δ CP in [13] are reduced to about 30% (50%). However, one can easily find scenarios where δ CP goes up to 10-15%. In particular, for the parameters of Eq. (27), the resulting plots are very similar to the original ones. Table 1 : Sparticle masses (in GeV) for parameter sets used in the numerical analysis for
. (Fig. 1a,c,f) exchange can, however, be neglected in this case.
The relative importance of the various contributions is illustrated in Fig. 3 , where we plot the form factors Re δY
CP b
and Re δY CP t as functions of m H + , for φ t = π/2 and the other parameters as in Fig. 2 . To calculate the contributions with neutral Higgs bosons, we have used [8, 12] . This is sufficient for our purpose, since we are mainly interested in large CP-violating effects that occur for m H + > mt 1 + mb Here we also note that the branching ratio of H + → tb increases with tan β. In the case of vanishing phases we have BR(H + → tb) ≃ 17% (15%) at tan β = 10 and 85% (75%) at tan β = 40 for MQ = 350 (490) GeV and m H + = 700 (1000) GeV.
The dependence on φ t is shown explicitly in Fig. 5 , where we plot δ CP as a function of φ t for MQ = 350 GeV, m H + = 700 GeV, tan β = 10 and 40 and various choices of φ b . As expected, δ CP shows a ∼ sin φ t dependence.
Last but not least we relax the GUT relations between the gaugino masses and take mg as a free parameter (keeping, however, the relation between M 1 and M 2 ). Figure 6a shows the dependence of δ CP on the gluino mass, for MQ = 350 GeV, m H + = 700 GeV, φ t = π/2, and tan β = 10 and 40 (keeping M 3 = mg real). It is interesting that there is still an effect for a large gluino mass: for tan β = 10, δ CP is reduced from about −12% to about −9% for mg = 600 → 1200 GeV. Also in the large tan β case, δ CP is decreased by 30% when the gluino mass is doubled: from −3.4% to −2.4% for mg = 600 → 1200 GeV. A non-zero phase of may also have a large effect. This is shown in Fig. 6b , where we plot δ CP as a function of φ 3
for mg = |M 3 | = 565 GeV and φ t = 0 and π/2. In both cases, the asymmetry can be O(10%).
For µ > 0, the curves are shifted but the order of magnitude does not change. 
Conclusions
We have calculated the difference between the partial rates Γ (H + → tb) and Γ (H − →tb) due to CP-violating phases in the MSSM. The resulting decay rate asymmetry δ CP , Eq. for m H + ≃ 700 GeV and tan β = 50 [16] . In e + e − collisions, the dominant production mode is e + e − → H + H − . Therefore, one would need a centre-of-mass energy √ s > 2m H + . This would certainly be realized at a multi-TeV linear collider such as CLIC [17] . Hence, a CP-violating asymmetry δ CP of a few per cent should be measurable at the LHC or CLIC.
The chargino mass matrix is:
It is diagonalized by the two unitary matrices U and V :
where mχ+ 1, 2 are the masses of the physical chargino states.
The mass matrix of the stops in the basis (t L ,t R ) is
is diagonalized by the rotation matrix Rt such that
) and
. We have:
ϕt cos θt −e 
Analogously, the mass matrix of the sbottoms in the basis (b L ,b R ),
basis, plus a general 3 × 3 matrix containing the loop corrections:
where sβ ≡ sin β, cβ ≡ cos β, etc. In the case of complex parameters, the loop contributions of (M loop H ) 2 lead to a mixing of the CP-even and CP-odd states. The mass eigenstates then are
The real 3 × 3 rotation matrix O diagonalizes the mass matrix
with the implicit sum over j = 1, 2, 3,
For the numerical evaluation of the physical Higgs masses and the rotation matrix O in the 1-loop effective potential approach [8] , we use the program chp.f [12] .
B Interaction Lagrangian
In this section we give the parts of the interaction Lagrangian that we need for our calculation.
We start with the interaction of Higgs bosons with quarks and squarks:
with i, j = 1, 2, l = 1, 2, 3 and
For the H ± couplings to quarks we have
where m q is the DR running quark mass. For the H 0 l couplings to quarks we have
with g S H land g P H lgiven by Eqs. (4.11)-(4.14) in [8] . The H ± couplings to squarks are given by the matrix
The interactions of charginos and neutralinos are described by
with i, j = 1, 2 and k = 1, ..., 4. The couplings of H ± to charginos and neutralinos are
The chargino-squark-quark couplings are
The neutralino-squark-quark couplings are
Finally, the squark-quark-gluino interaction is given by
and the quark interaction with W bosons is
We next turn to the interaction of Higgs bosons with W bosons and ghosts. The Lagrangian of two Higgs particles and one W boson is given by
The Lagrangian in the mass eigenstate basis is again obtained by applying the transformations of Eqs. (39) and (40). We are only interested in the combinations of (H 
Note that only g H j H + G − is complex. In Eqs. (71) - (73), we have used the abbreviations sβ ≡ sin β, s2β ≡ sin 2β, cβ ≡ cos β, c2β ≡ cos 2β, and t 2 W ≡ tan 2 θ W .
C Passarino-Veltman integrals
Here we give the definition of the Passarino-Veltman one-, two-, and three-point functions [9] in the convention of [10] . For the general denominators we use the notation
Then the loop integrals in D = 4 − ǫ dimensions are as follows:
B µ (p 
and
where the C's have (p 
